The objective of this study was to report the passive axial rotational stiffness of the thoracolumbar spine in asymptomatic volunteers. A secondary objective was to investigate if an asymmetry exists between right and left axial rotational spine stiffness. Eighteen young asymptomatic volunteers, nine male and nine female, were tested using a previously validated axial rotational tester. Volunteers in this study were subjected to six moment magnitudes bilaterally, in a random order, and their passive axial spine rotation was measured. The results from this study showed that there is a statistically significant difference between the right (20.3 ± 5.8 Nm/rad) and left (17.4 ± 4.9 Nm/rad) axial rotational stiffness regardless of gender. This normative information regarding axial rotational spine stiffness can enable clinicians to assess the deviance in clinical samples and assist in treatment selection.
INTRODUCTION
Increasing spinal rotation away from the elastic equilibrium is a major risk factor for low back pain and injury [1] . Furthermore, creep within noncontractile tissues may lead to increased range of motion, altered joint mechanics and increased risk for low back pain [2, 3] . Changes in passive spinal stiffness for example, lead to load redistributions in ligaments, muscles, and the intervertebral discs, altering movement patterns and increasing injury potential [3] . Following injury, the spine undergoes a loss of passive stiffness and stability [4, 5] . To overcome this instability, patients indulge in guarding increasing muscle spasm and reducing motion thereby increasing the behavioral spinal stiffness [6] . Muscle co-activation activity has been reported to reduce spinal range of motion and significantly increase overall stiffness [7] . Furthermore, increased motor neuronal firing rates have been shown to increase force variability and impairing postural motion control precision required in activities of daily living [8, 9] .
Measurement of rotational spine stiffness is therefore important for rehabilitation professionals and as input in the development of biomechanical models. Comparing normative data to low back pain patients seen in clinic may allow for a quantitative assessment of instability and help to arrive at an appropriate treatment strategy. Thus, the current study aims to report axial rotational thoracolumbar spine stiffness in asymptomatic volunteers and set a standard for comparison for rehabilitation professionals to assess deficit for establishing treatment options. A secondary objective was to investigate if an asymmetry exists between right and left axial rotational stiffness in a young asymptomatic sample. 
METHODS
The study was approved by a University-wide human research protection Institutional Review Board and all participants signed an informed consent form for enrollment in the study. Eighteen young asymptomatic volunteers, nine male and nine female, were recruited for this study ( Table 1) . The exclusion criteria included: pregnancy, cancer, spinal osteomyelitis, spinal fracture, herniated disc, ankylosing spondylitis, caudaequina syndrome, diagnosed spinal deformity, diagnosed musculoskeletal or connective tissue disorder, spinal or abdominal surgery, history of surgery involving the low back, history of receiving worker's compensation benefits, involvement in current litigation relating to a back problem, angina or congestive heart failure symptoms, history of stroke or transient ischemic attack, implantation of a cardiac pacemaker, implantation of artificial joint(s) or other fixation device(s), active bleeding or infection, use of intravenous or intramuscular or oral corticosteroids, diagnosed psychological disorders, poor general health and inability to understand and follow instructions. The volunteers were attired in loose clothing and seated upright in a previously described and validated Axial Rotation Tester (AROT) [10] . The device and testing setup were designed to minimize any possible flexion/extension of the trunk while allowing for axial rotation and coupled lateral flexion. The lower extremities of the volunteers, hip down, were stabilized with four Velcro belts fastened tightly across the pelvis, distal thighs, proximal tibias and at the ankles, thus restricting any motion mediated through the lower extremities.
A shoulder harness was fitted on the shoulders of the participants and tightened for a snug fit. The shoulder harness was rigidly fixed to an overhead circular pulley (35 cm diameter) which accommodated a tension cable. The tension cable ran behind the subject horizontally in a straight line going over another pulley 50 cm away such that its groove was at the same height as the groove of the overhead pulley. At the end of this tension cable there was a load receptacle allowing for the placement of varying loads to exert predetermined rotational moments on the thoracolumbar spine. Volunteers in this study were subjected to moments of 3.7 Nm, 7.3 Nm, 11.0 Nm, 14.7 Nm, 18.4 Nm, and 22.0 Nm bilaterally, in a random order, perpendicular to the spinal axis. The angular rotation of the spine corresponding to each of these applied moments was measured using a high precision potentiometer (MCP30, P3 America, Inc., San Diego, CA). The applied moments for each patient in each direction (i.e., right and left axial rotation) were plotted against the recorded angular rotation and the rotational stiffness (in Nm/rad) was defined as the slope of a best fit linear regression line.
A paired samples t-test was used to test the hypothesis that there is no significant difference between the right and left rotational stiffness within each participant. Furthermore, to investigate if this is consistent across participants a Pearson correlation was performed. To test the hypothesis that no significant differences exist in rotational stiffness between male and female participants, an independent samples t-test was used. To test the equal variance assumption, Levene's Test was first performed. Finally, linear regression analyses were performed to identify if correlations exist between axial rotational stiffness and age, weight, height, or body mass index (BMI). (Fig. 1) . The average left rotational stiffness (17.4 ± 4.9 Nm/rad) was less that that measured when participants were loaded/rotated to the right (20.3 ± 5.8 Nm/rad) (Fig.  2a) . This difference was statistically significant when comparing right and left axial rotational stiffness within each participant (p = 0.010). Furthermore, results show that the participants consistently had lower left, as compared to right, axial rotational stiffness as measured using Pearson's correlation (p = 0.001).
RESULTS

Plotting the
Looking at differences between male and female volunteers, Levene's test confirmed that the groups did have equal variances for the right (p = 0.106) and the left (p = 0.388). Males had a higher average rotational stiffness than females for both the right side (22.6 ± 6.0 vs. 17.9 ± 4.7 Nm/rad) and the left (19.6 ± 5.0 vs. 15.3 ± 4.0 Nm/rad) (Fig.  2b-c) . This difference in rotational stiffness observed between males and females however, was not statistically different for either the right (p = 0.085) or the left side (p = 0.061). Finally, the regression analyses did not identify any significant predictive correlation between measured rotational stiffness and participant age, weight, height, or BMI. Fig. (2) . This boxplot visually illustrates differences in left and right axial rotational spinal stiffness for all the participants (A) and the right (B) and left (C) rotational stiffness between male and female participants. The line inside the box is the median, the edges of the box represent the 25th and 75th percentiles, and the whiskers extend to the extreme data points giving the resulting range.
DISCUSSION
Increasing levels of muscle co-activation have been suggested to be an objective indicator of passive instability of the lumbar spine [11] . Spinal instability may lead to excessive and possibly unbalanced load sharing for the passive structures, abnormal motion, and thus changes in spinal stiffness and stress concentration. In vivo assessments, including estimates of spinal stiffness, provide outcome measures that may help clinicians assess deviance and select appropriate treatment strategies for patients with spinal disorders [12] . In this study we report on passive axial rotational spinal stiffness in a young asymptomatic sample with the aim of setting a standard for comparison to be used by rehabilitation professionals. Our findings showed a significant asymmetric difference between the right and left rotational spine stiffness of participants regardless of gender.
The right axial rotational stiffness was consistently greater than that measured as participants rotated to the left. Furthermore, although not statistically different, the mean stiffness measured in male participants, rotating both to the right and left, was greater than that of female participants. However, due to a small sample size this population trait is hard to determine based on the results presented here.
The spinal stiffness asymmetry found in this study may be a factor of daily activities requiring asymmetrical loading of the spine. Asymmetrical tasks have been suggested to increase antagonist muscle co-activation and lead to a shift in spinal torsional and lateral shear stresses [13, 14] , in time changing the mechanical properties of passive spinal tissues. Interestingly, although the sample studied was young, asymptomatic, and prescreened to eliminate those experiencing back pain, the movements leading to this measured asymmetry may be a future risk factor for development of low back pain [15] . Gombatto and colleagues examined differences in passive spinal tissue characteristics between people with and without low back pain [13] . Interestingly, although using a passive lateral bending protocol, they found that participants without low back pain did demonstrate some degree of asymmetry in movement patterns. Furthermore, when compared to the low back pain subjects, the degree of asymmetry increased significantly. This asymmetry may thus be an important factor to consider when determining a treatment strategy [13] . In fact, studies have shown that lumbar passive tissue properties can be increased or decreased with an appropriate exercise program [1] .
Other studies have reported on the stiffness of the spine in flexion/extension [1, 3, 16, 17] , lateral bending [13, 17] , axial rotation [17, 18] , and with combined motions [19] . Focusing on rotation, van Deursen and colleagues using a biomechanical model studied the mechanical response of the spine to small alternating rotary pelvic stimulation [18] . Using this simplified model, they found that even minor stimulation is sufficient to mobilize the intervertebral joints producing a significant spinal rotational response. This mobilization was suggested to enhance fluid exchange in the intervertebral disc improving its nutritional status. In terms of rotational stiffness, McGill and colleagues studied the in vivo effects of wearing an abdominal belt and of full breath inhalation [17] . They concluded that both belt wearing and holding one's breath stiffened the torso in the axial rotational axis of the spine.
In conclusion, tissue strain and risk of injury increase as a function of axial rotation away from the spine's elastic equilibrium [1] . This study aimed to report the passive axial rotational stiffness of the spine as an outcome measure for future biomechanical models and for the treatment of spinal disorders. Although this study does not include a low back pain subgroup, it does offer normative information regarding axial rotational spine stiffness and presents the importance of early detection of asymmetries as something clinicians may use when considering appropriate treatment, including preventative, strategies.
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